The effect of different aspect ratios (length to diameter ratio, L:D) on single polypyrrole (Ppy) nanowire based field effect transistor (FET) sensors for real time pH monitoring was studied. Ppy nanowires with diameters of ∼60, ∼80, and ∼200 nm were synthesized by using electrochemical deposition inside anodized aluminum oxide (AAO) template and were assembled using AC dielectrophoretic alignment followed by maskless anchoring on a pair of gold electrodes separated with different gap lengths. Microfabricated gold electrode patterns with gap size between 1 and 4 µm were developed by means of MEMS technique (photolithography), and used in a field effect transistor geometry with a pair of microfabricated gold contact electrodes serving as a source and a drain, and a platinum (Pt) mesh (anchored in a microfluidic channel) as a gate electrode. When the effects of different aspect ratios of the nanowire were compared, higher sensitivity was recorded for a higher aspect ratio. The sensitivity was further improved by modulating the gate potential. These FET sensors based on a single polypyrrole nanowire exhibited excellent and tunable sensitivity toward pH variations.
Introduction
Polypyrrole is a versatile organic semiconductor with a high technological potential. Ppy has two main advantages over other semiconductors, i.e., low electropolymerization potential, which allows film formation in water, as well as stability under ambient conditions. 1, 2 Applications of Ppy as the active medium in various sensors have been demonstrated, e.g., in gas detectors for NH 3 , NO 2 , or H 2 S, 3, 4 or as biosensors with enzymes and antibodies as recognition biomolecules. [5] [6] [7] [8] One-dimensional (1D) nanostructures, including nanowires, nanorods, nanobelts, and nanotubes, have attracted much attention because of their fundamental significance in chemistry, physics, materials science, and engineering and potential application in nanoelectronics. [9] [10] [11] [12] As semiconductor nanowires assumed important roles in electronic and optoelectronic nanodevices, rational control over their morphology, structure, and key properties became increasingly important. 10, [13] [14] [15] [16] Electronic conduction in nanowires takes place by bulk conduction due to their high density of electronic states, diameter-dependent band gap, enhanced surface scattering of electrons and phonons, increased excitation/binding energy, high surface to volume ratio, and large aspect ratio. As a result, nanowires exhibit unique electrical, magnetic, optical, thermoelectric, and chemical properties. 17, 18 The use of conducting polymer nanowires for biosensing application, however, has been limited due to their incompatibility with traditional microfabrication processes such as lithography or focused ion beam (FIB) owing to its possible thermal damage during these processes. 19, 20 A simpler and less costly method of assembling conducting polymer nanowire devices has relied on bottom-up geometry in which nanowires are deposited on the top of prefabricated electrodes. A limitation of this method is the difficulty in eliminating the change in contact resistance due to physical disturbances/movements introduced during liquid phase sensing. Also, to achieve sensorto-sensor reproducibility, it is necessary to have a precise number of individual nanowires electrically connected between the electrodes, which is lacking during the drop casting method of fabrication. 19 To address these issues we have developed a simple and cost-effective all electrochemical approach to fabricate, assemble, and anchor a single conducting polymer (polypyrrole, Ppy) nanowire. 21 It has been shown that there is a significant impact of the dimensions of the semiconducting channel on the device performance. 22, 23 For example, diameter has been shown to affect the field effect transistor performance of carbon nanotube devices. 24 In another report, the length of the metallic CNT has been shown to affect not only the transfer characteristics but also breakdown voltage and current carrying capacity of the device. 25 However, direct impact of these parameters on applications such as sensitivity of the sensor has not been systematically evaluated. To understand the role of these physical dimensions of the device, aspect ratio (length to diameter ratio, L:D) can be a better benchmark to compare device to device performance variation. To date very limited understanding has been developed among the scientific community about the effect of the aspect ratio of the nanostructures on the device sensitivity, which can potentially assist in improving the device performance. Also for higher selectivity and higher sensitivity, it is important to have the ability to detect a low concentration of specific analytes. Higher selectivity can be achieved by tuning or modifying the chemical and physical properties of the conducting polymer nanowire, while higher sensitivity can be achieved by operating the sensors as fieldeffect transistors (FETs) because of the ability of FET to amplify the signal in situ and to gate-modulate channel conductance. Also, FET-based sensors are compatible with well-developed microelectronic fabrication techniques, which are useful in device miniaturization and high density array fabrication and require small sample volumes (advantageous for biosensing). Also nanowire FETs have been of particular interest in the past * To whom correspondence should be addressed. several years, motivated by both the necessary investigations of basic carrier-transport behavior in nanowire and the promise of future high-performance FET devices. [26] [27] [28] [29] Thus, we are reporting the effect of aspect ratio of a single Ppy nanowire FET in detail with regard to its pH sensing and gate potential controlled sensitivity modulation. To the best of our knowledge, this is the first systematic study of the effect of aspect ratio (L:D) (∼60, ∼80, ∼200 nm in diameter and the length of ∼1 to 4 µm) on the sensing performance of a single Ppy nanowire based FET device.
Experimental Details
Chemicals and Reagents. Pyrrole (Ppy) (Sigma-Aldrich, St. Loius, MO), lithium perchlorate (LiClO 4 ) (Aldrich, Milwaukee, WI), sulfuric acid (H 2 SO 4 ), hydrogen peroxide (H 2 O 2 ), pH buffer solutions (1-11) (Fisher Scientific, Fair Lawn, New Jersey), tetrachloroauric acid (HAuCl 4 ) (Technic Inc.), and phosphoric acid (Acros organic) were used in the present study. All the reagents were prepared in nanopure water.
Polypyrrole Nanowire Synthesis. Polypyrrole nanowires were electrochemically synthesized by using the well-established template-directed electrodeposition technique. 30, 31 An alumina membrane of 200 nm pore size and 60 µm thickness (Whatman International Ltd., Maidstone, England) and the alumina membranes with ∼60 and ∼80 nm pore diameter (synthesized in the laboratory; 32 parameters: 1.27 mm thick aluminum foil, 0.3 M oxalic acid, 50 V, 20°C for 12 h) were used as scaffolds for nanowire fabrication. The seed layer was deposited by sputtering ∼200 nm thick gold, using the Emitech K550 (Emitech Ltd., Kent, England) sputter coater, on one side of the alumina template. A mixture of pyrrole (0.5 M) and LiClO 4 (0.2 M) was used as an electrolyte solution. The chronocoulometry method (CHI Electrochemical Analyzer) was used for electrodepositing Ppy nanowires by passing a 0.7 C charge at 0.9 V vs Ag/AgCl. The gold seed layer was removed with 0.15 M KI in a 0.1 N I 2 gold-etchant solution. After washing with water, the alumina template was dissolved in 30% H 3 PO 4 and briefly sonicated to free the nanowires and form a uniform suspension. Nanowires were washed and resuspended in nanopure water. The suspension was diluted 10-fold for further use.
Fabrication of a Single Ppy Nanowire FET Device. A (100) oriented silicon wafer consisting of 16 pairs of ∼55 µm rectangular gold electrodes with 1-4 µm gap and separated by ∼70 µm was used in this work. The gold electrodes, patterned by standard lift-off photolithography technique, were made up of a 200 Å chromium (Cr) adhesion layer and a 1800 Å thick gold (Au) contact layer. The electrodes were cleaned with piranha solution (3.5 mL of 98% H 2 SO 4 + 1.5 mL of 30% H 2 O 2 ). To prepare a single Ppy nanowire devices, the two sides of 16 pairs were shorted to form two terminals followed by applying an alternating current field of 5 MHz frequency and 3 V peak-to-peak voltage between the two terminals. A 2 µL drop of Ppy nanowire suspension was dispensed on it and alignment was carried out until the drop was completely evaporated. To achieve a single nanowire connection between a pair of contact electrodes, excess nanowires were physically/manually removed by using a probe tip made out of 25 µm diameter gold wire under a 1000× magnification optical microscope. To secure the Ppy nanowire to the gold electrodes, the nanowire was anchored with maskless electrodeposition, using the chronoamperometry method (CHI Electrochemical Analyzer). A three-electrode configuration electrochemical cell consisting of the 16 pairs of contact electrodes with single Ppy nanowire connections as the working electrode, Ag/AgCl as a reference electrode, and a platinum coated metal strip as a counter electrode was used. The electrolyte used was Technigold (Technic Inc., CA) at pH of 7.0 and the deposition potential used was -0.5 V vs Ag/ AgCl at room temperature for 10 min for the built up of an ∼300 nm thick gold layer on the gold electrode surface.
Microfluidic Channel Fabrication. The microfluidic channel was fabricated by using a solution of 10:1 ratio of Silicon Elastomer base to the curing agent (Dow Corning Co., Midland, MI). The solution was degassed under vacuum for 1 h to remove any bubbles. Then the solution was poured in a microfluidic mold containing Pt mesh and the polymer was cured at 145°C for 1 h. Pt mesh was physically pressed down onto the mold to ensure part of it was exposed in the final microfluidic channel, which acted as an electrolyte/ion gate electrode.
Sensing Measurements. For sensing, standard pH buffers (1-11 pH) (procured from Fisher Scientific) were used. For real time pH sensing, a 500 µL/min sample flow rate was maintained through the microfluidic channel. The response of the sensor was recorded with an Agilent 4155A semiconductor parameter analyzer. FET studies were carried out by measuring the source drain current (I DS ) flowing through the nanowire while keeping the source drain bias voltage (V DS ) at 0.5 V with varying gate potentials (V G ).
Results and Discussion
To study different aspect ratios, Ppy nanowires of varying diameters were synthesized by electrodeposition in different pore diameter AAO templates and then assembled on prefabricated gold microelectrodes with different gap sizes. Figure 1 shows the SEM images of an anchored single Ppy nanowire on a pair of gold electrodes with varing aspect ratios. Panels a and b of Figure 2 show the schematic of the microfluidic channel assembled on a single Ppy nanowire device in which the two gold electrodes served as the source and the drain while the Pt mesh anchored in the microfluidic channel served as the electrolyte/liquid ion gate and an optical image of microfluidic channel assembled single Ppy nanowire anchored on a 16 electrode pattern chip, respectively. These devices were characterized in terms of their pH sensitivity and FET characteristics. Figure 3 (inset) shows the real time pH sensing response of a single Ppy nanowire FET device. Fourteen different (L:D) aspect ratios (Ppy nanowire with ∼60, ∼80, and ∼200 nm diameter and ∼1 to 4 µm length), at a constant gate potential of V G ) 0 V (no gate applied), were studied for their pH responses. Their representative calibration plots are presented in Figure 3 . A change in the I DS with respect to reference I DS0 (I DS at pH 10) of a single Ppy nanowire was observed with changing the pH value from 1 to 10, and it was found that ∆I DS /I DS0 decreases with increasing pH value. The decrease in I DS with increase in pH is a result of the lower conductivity of the polymer in less acidic media. The dependence of conductivity on pH is attributed to the protonation/ deprotonation of the pyrolitic unit in the Ppy nanowire. 33 Protonation (due to decrease in pH) results in the formation of delocalized radical cations and is accompanied by an increase in the conductivity or decrease in the resistance. This trend was similar for all aspect ratios, with varying sensitivity. Figure 4 shows the sensitivity of a single Ppy nanowire for different aspect ratios (L:D) at V G ) 0 V and V DS ) 0.5 V. Sensitivity was calculated as the slope of the pH calibration curve (from Figure 3) for each aspect ratio. Higher sensitivity was observed with increasing L:D aspect ratio, which implied that lower diameter and longer length of Ppy nanowire recorded higher sensitivity. As the diameter of the nanowire decreases, the number of surface atoms greatly increases. The large surfaceto-volume ratio of the nanowire could change the conducting properties that are largely determined by the number of surface atoms. Conductance in a small diameter nanowire is related to the sum of electron transport in conduction channels and is defined by their quantization energy. This means, the thinner the wire, the smaller the available unaffected volume, and hence lesser probability of uninterrupted conduction. 34, 35 On the basis of surface-to-volume ratio, Elfström et al. 36 argued that an increased sensitivity for surface charges for smaller widths should be reflected in a difference in the threshold voltage with respect to width. Also the surface charge is enhanced when the width of the nanowire is decreased. It can also be seen from Figure 4 (inset) that the sensitivity is a function of sensor surface area. An increase in the sensitivity was observed with an increase in the sensor surface area. However, different rates of increase in the sensitivity were observed for different Ppy nanowire diameters. A smaller diameter of the wire shows an abrupt change in the sensitivity curve as a function of surface area compared to that of a bigger diameter. A similar observation was made for carbon nanotube based devices for their FET performance, wherein the device "ON" current had a much higher dependence on the CNT diameter at a smaller diameter range than at the bigger end of the range. 25 We also observed a higher sensitivity for higher lengths, as the higher length may provide more room for the binding of the analyte to the nanowire resulting in the higher sensitivity.
Effect of Aspect Ratio (L:D).

Effect of Gate Voltage (V G ).
The electrical characteristics of a single Ppy nanowire FET device were studied by monitoring I DS while sweeping gate voltage at a fixed value of V DS ) 0.5 V. Transistor performance was evaluated by calculating the transconductance (g m ) and the on/off current ratio (I on /I off ). Figure  5 shows the I DS vs gate potential (V G ) response of a single Ppy nanowire FET device for various pH values. I DS was negligible for negative gate voltages for the pH ranging from 1 to 8, indicating that the device was in the OFF state as Ppy was in the reduced state and therefore insulating. However, an increase in I DS was observed for more positive gate potential implying the ON state of the device. 37 Increasing the V G to more positive potential had the effect of oxidizing the nanowire resulting in a gradual increase in I DS to a maximum at 0.8 V. Further increase of V G resulted in a decrease of I DS as the nanowire was fully oxidized (data not shown). A significant increase in the I DS was observed for both positive gate voltages as well as negative gate voltages for pH range of ∼9-11. This clearly indicates that an increase in the I DS under negative gate modulation is due to hole conduction and it is due to the electron conduction under a positive gate modulation. 38 Transconductance of the Ppy nanowire FET was obtained from the slope of the linear region in the I DS vs V G plot ( Figure 5 ) in the positive gate potential range (oxidized state of the polymer). It was about 0.86 µS/µm for pH 1, which is higher than reported earlier, 33 and this value steadily decreased to 0.23 µS/µm for pH 11. Similar calculations of transconductance in the negative gate potential range (reduced state of the polymer) revealed a reverse trend in the values. Transconductance values varied from almost zero (+0.08 nS/ µm) at pH 1 to -0.10 µS/µm at pH 11. The maximum ratio of I DS at saturation (I on ) at V G ) 0.8 V to minimum I DS at depletion (I off ) (at V G ≈ -0.1 to -0.4 V) for FETs based on a single Ppy nanowire is ∼274 at pH 1, which is 2-3 times better than the conducting polymer nanowire electrode junction transistors (CPNEJ-FETs), 38 and showed a steady decline to on/off ratio of ∼78 at pH 11. Thus, from the I DS -V G curve ( Figure 5 ) for the single Ppy nanowire device it was clearly understood that the gate voltage controlled oxidation/reduction states of the conducting polymer nanowire showed different sensitivity toward the same range of pH.
So in order to study the effect of different V G in detail, we applied V G ) 0.2, 0.8 (oxidized state), and -0.8 V (reduced state) at V DS ) 0.5 V and studied the response of nanowire FETs with different aspect ratios. Figure 6 shows the real time pH sensing response of a Ppy nanowire FET device at a constant gate potential of V G ) 0.8 and 0.2 V. The calibration plot of the Ppy nanowire FET device is shown in Figure 6 (inset). Sensitivity improved when the gate potential was increased from 0.2 to 0.8 V for a fixed aspect ratio of the nanowire as well as with increasing aspect ratio at the same gate potential as can be seen from Figure 7 . When compared, the sensitivity at positive V G voltages was higher when compared with V G ) 0 V (no V G ) applied (Figure 4 ). Figure 8 shows the real time pH sensing and the calibration plot (inset) of a Ppy nanowire FET device for constant V G ) -0.8 V (reduced state). We observed extremely small response at V G ) -0.8 V for pH ranging from 1 to 8 as compared to V G ) 0.8 V. A slight increase in I DS was observed for the pH range from 1 to 8; however, significant increase was observed for pH >8. This reverse response at very high pH, though not completely understood, could arise due to the hole carrier modulation brought about in a reduced polymer nanowire.
Conclusion
We have successfully fabricated single conducting polymer (polypyrrole) nanowire based FET devices with different aspect ratios (L:D). We demonstrated the effect of aspect ratio on the sensitivity of a single Ppy nanowire FET device by modulating diameter (i.e., ∼60, ∼80, and ∼200 nm) and length (ranges from 1 to 4 µm) of the Ppy nanowire. The electrolyte-gated FET structure was used to study and control the device properties. These devices also showed excellent FET properties with very high transconductance and on/off ratio indicating excellent gate voltage controlled ON (oxidized) or OFF (reduced) state of the polymer. For these devices, gate potential controlled sensor response modulation toward different pH values was observed. The sensor showed higher sensitivity at more positive V G (0.8 V), where polymer is in the oxidized state compared to lower V G (0.2 V) values or no gate potential applied. A completely reverse response was observed for V G of -0.8 V where the polymer is in the reduced state. These devices showed higher sensitivity for lower diameter and higher length (higher aspect ratio (L:D)) with or without the application of gate potential. These findings indicate that the conducting polymer nanowire FET sensors offer tunable sensitivity, which can have a very big impact in the field of chemical and biosensing applications. Moreover, conducting polymer nanowires have great potential in 1-D-based FET technology due to their excellent electrical and optical properties and biocompatibility. 
